INTRODUCTION
Reef-building corals contribute to tropical marine ecosystems that support innumerable marine organisms, but reefs are increasingly threatened because of recent increases in seawater temperatures, pollution, and other stressors (Ainsworth et al., 2016; Renema et al., 2016) . The Acroporidae is a family of reef-building corals within the phylum Cnidaria, one of the basal phyla of the animal clade (Richards et al., 2013; Wallace, 2012; Wallace and Rosen, 2006) . Astreopora (Anthozoa: Acroporidae) is the sister genus in the acroporid lineage according to fossil records and molecular phylogenetic evidence (Fukami et al., 2000; Suzuki and Nomura, 2013; Wallace, 2012) . Importantly, Acropora (Anthozoa: Acroporidae), one of the most diverse genera of reef-building corals, including more than 150 species in the Indo-Pacific Ocean, is thought to have originated from Astreopora $60 mya with several species turnovers (Edinger and Risk, 1994; Renema et al., 2008; Wallace, 2012; Wallace and Rosen, 2006) . Investigating the evolutionary history of this group importantly contributes to our understanding of coral reef biodiversity and conservation. Hybridization among Acropora species has been observed in the wild (Vollmer and Palumbi, 2002) , and variable chromosome numbers have been determined in different Acropora lineages (Kenyon, 1997) . In addition, gene duplications have been shown in several Acropora gene families (Gacesa et al., 2015; Hamada et al., 2013) . Based on their unique lifestyle, variable chromosome numbers, and complicated reticular evolutionary history, Indo-Pacific Acropora likely originated via polyploidy (Gacesa et al., 2015; Hamada et al., 2013; Kenyon, 1997; Richards and Hobbs, 2015; Van Oppen et al., 2001; Vollmer and Palumbi, 2002; Willis et al., 2006) . However, there is no direct molecular and genetic evidence to support this hypothesis.
Ancient whole (large-scale)-gene/genome duplication (WGD), or paleopolyploidy, has shaped the genomes of vertebrates, green plants, and other organisms, and is usually regarded as an evolutionary landmark in the origin and diversification of organisms (Soltis et al., 2015; Van de Peer et al., 2009; Van De Peer et al., 2017) (Figure S1 ). Two separate WGD events have been documented in the common ancestors of vertebrates (two rounds of WGD) (Dehal and Boore, 2005) and another major WGD has been reported in the last common ancestor of teleost fish (Christoffels et al., 2004; Glasauer and Neuhauss, 2014) . Meanwhile, living angiosperms share an ancient WGD event (Jiao et al., 2011; Tiley et al., 2016) , and many other WGD events have been reported in major clades of angiosperms Vanneste et al., 2014; Wang et al., 2018) . In addition, two rounds of WGDs in the vertebrates are suggested to have occurred during the Cambrian Period, and some WGDs in plants are believed to have occurred during Cretaceous-Tertiary (Smith et al., 2013; Van De Peer et al., 2017; Vanneste et al., 2014) . Thus, WGD is regarded as an important evolutionary way to reduce the risk of extinction (Van de Peer et al., 2009; Van De Peer et al., 2017; Vanneste et al., 2014) . However, the study of WGD in Cnidaria has received less attention (Kenny et al., 2016; Li et al., 2018; Schwager et al., 2017; Van de Peer et al., 2009; Van De Peer et al., 2017) . Duplicated genes created by WGD have complex fates during diploidization (Sé mon and Wolfe, 2007; Van de Peer et al., 2009 ). Usually, one of the duplicated genes is silenced or lost due to redundancy of gene functions, termed ''nonfunctionalization.'' However, retained duplicated genes provide important sources of biological complexity and evolutionary novelty due to subfunctionalization, neofunctionalization, and dosage effects (Conant et al., 2014; Jiao et al., 2011) . Duplicated genes may develop complementary gene functions via subfunctionalization, evolve new functions through neofunctionalization, or are retained in complicated regulatory networks with different gene expressions due to dosage effects. For instance, duplicated MADS-Box genes are crucial for flower development and the origin of phenotypic novelty in plants ( Van de Peer et al., 2009; Veron et al., 2006) . Duplicated homeobox genes provide raw genetic material for vertebrate development (Canestro et al., 2013; Glasauer and Neuhauss, 2014) . In addition, toxin diversification following gene duplications has been recognized as a mechanism to enhance adaptation in animals (Kondrashov, 2012; Kordi s and Guben sek, 2000) , especially in snake venoms (Hargreaves et al., 2014; Vonk et al., 2013) . Interestingly, toxic proteins are involved in various important processes in corals, including prey capture, protection from predators, wound healing, etc (Armoza-Zvuloni et al., 2016; Ben-Ari et al., 2018) , but it is still unclear how gene duplications of toxic proteins evolved in corals.
Isozyme electrophoresis and restriction fragment length polymorphism were used to identify gene duplications in polyploids a few decades ago (Fü rthauer et al., 1999; Stuber and Goodman, 1983) . In the past 10 years, next-generation sequencing has generated a wealth of genomic data at vastly decreased cost and reduced efforts (Goodwin et al., 2016; Hardwick et al., 2017) . Three main methods were developed to identify WGD, based on (1) analysis of the rate of synonymous substitutions per synonymous site (dS) of duplicated genes within a genome (dS-based method) (Blanc et al., 2003; Lynch and Conery, 2000 ; Vanneste et al., 2014; Mao, 2019) , (2) phylogenetic analysis of gene families among multiple genomes (phylogenomic analysis) (Blomme et al., 2006; Jiao et al., 2011) , and (3) synteny block identification compared with sister lineages without WGD (synteny analysis) (Bowers et al., 2003; Dehal and Boore, 2005; Zhang et al., 2017) . The dS-based method and phylogenomic analysis only require gene family information, without genome assembly. However, too ancient WGD cannot be detected by the dS-based method, while gene tree uncertainty usually causes bias in the phylogenomic analysis. Both methods rely heavily on gene family estimation and clustering. Inaccurate gene predictions (gene models) and rough gene family cluster algorithms can easily fail to detect WGD using either method. In contrast, the synteny analysis relies heavily on genome assembly quality. Poor assembly quality can hide the WGD signals, and some genomes with huge rearrangements cannot be used to detect WGD using synteny block identification. Therefore, the most credible conclusions depend on complementary evidence from different methods (Chen and Birchler, 2013; Soltis and Soltis, 2012; Tiley et al., 2016) .
Here, using all three methods, we analyzed a genome of Astreopora (Astreopora sp1) as an outgroup, and five Acropora genomes (Acropora digitifera, Acropora gemmifera, Acropora subglabra, Acropora echinata, and Acropora tenuis) to address the following questions: (1) whether and when WGD occurred in Acropora, (2) what is the fate of duplicated genes in Acropora after the event, (3) what are the gene expression patterns of duplicated genes across five developmental stages in A. digitifera, and (4) what is the role of WGD in diversification of toxic proteins in Acropora ( Figure S2 ).
RESULTS

Calibration of the Acroporid Phylogenomic Tree
We clustered all homologs of the six Acroporid species and found that 6,520 gene families are shared among 19,760 gene families in total ( Figure S3 , see Data S1). Our previous gene family cluster analysis of the five Acropora species showed that each Acropora genome had very few unique gene families (<100) (Mao et al., 2018 ). Yet, we found that Astreopora sp1 had 836 unique gene families, suggesting that Astreopora sp1 is genetically divergent from the five Acropora species. A total of 3,461 single-copy orthologs selected from 6,520 shared gene families were concatenated to reconstruct a calibrated phylogenomic tree based on the reported divergence time of Acropora (Mao et al., 2018) . We found that Astreopora sp1 splitted from Acropora $53.6 mya (95% highest posterior density: 51.02-56.21 Ma) ( Figures 1 and S4 ). This result established a timescale to analyze the timing of the subsequent WGD.
Phylogenomic and Synteny Analysis of IAsa
If the proposed IAsa is deemed correct, the ohnologs of Acropora (paralogs created by IAsa) should form two clades from their orthologs in Astreopora sp1 by mapping IAsa onto phylogenetic trees (Jiao et al., 2011; Marcet-Houben and Gabaldó n, 2015) . In other words, the phylogenetic topology would be 0 1 0 2 0 3 0 4 0 5 0 (((Acropora clade1) bootstrap1, (Acropora clade2) bootstrap2), Astreopora sp1), defined as gene duplication topology ( Figure 2B ).
We performed a phylogenomic analysis to further evaluate the proposed IAsa. Firstly, we defined orthogroups as clusters of homologous genes in Acropora derived from a single gene in Astreopora sp1. Each orthogroup contained at least seven homologous genes, including at least one gene copy in each Acropora species and only one gene copy in Astreopora sp1. We selected 883 orthogroups from 19,760 gene families, and reconstructed the phylogeny of 883 orthogroups using both maximum likelihood (ML) and Bayesian methods. We found that the phylogenetic topology of 205 orthogroups was consistent with gene duplication topology supporting IAsa. We further defined the 205 orthogroups as coreorthogroups (Table S3 , see Data S1).
In particular, we found differential gene loss, retention, and duplication in Acropora lineages. For instance, the phylogeny of orthogroup 1370 (alpha-protein kinase 1-like) showed gene retention in A. subglabra, A. digitifera, and A. echinata; gene loss in A. tenuis; and an extra gene duplication in A. subglabra. This implies that diversification of duplicated genes may contribute to species complexity and evolutionary innovation in Acropora (Glasauer and Neuhauss, 2014) ( Figure 2B ).
To estimate the split time of the two Acropora clades that could be regarded as the timing of IAsa, we selected 154 high-quality core-orthogroups, with bootstrap values in both Acropora clades >70 in ML phylogeny, to reconstruct a time-calibrated phylogeny from the 205 core-orthogroups using BEAST2 (Jiao et al., 2011) . However, we found that it was difficult for the parameters in MCMC to converge in 70 coreorthogroups, and we only successfully dated the phylogenetic trees of 135 high-quality core-orthogroups (see Data S1). Next, we estimated the distribution of inferred node ages between the two Acropora clades, and found that the peak value was estimated to be 31 Ma (95% confidence interval: 27.86-34.77 Ma), indicating that IAsa occurred at 31 Ma ( Figure S8 ). This result is in coincidence with the timing of the IAsa estimated by the dS-based method.
Intergenomic co-linearity is often used to directly identify ancient WGD and to reconstruct ancestral karyotypes in vertebrates (Berthelot et al., 2014; Nakatani et al., 2007; Zhang et al., 2017) . We performed intergenomic co-linearity and synteny analysis between Astreopora sp1 and A. tenuis to support IAsa. We found that synteny blocks of 21 scaffolds in Astreopora sp1 have at least two duplicated segments in A. tenuis ( Figure S9 ). For example, two duplicated segments in scaffold 130 and scaffold 70 of A. tenuis corresponded to scaffold 323 in Astreopora sp1 ( Figure 2C ). In addition, we also observed that duplicated segments of the five Acropora species, which corresponded to the longest scaffold of Astreopora sp1, had good co-linearity ( Figure S10 ).
In summary, we found evidence to support IAsa with the dS-based method, and phylogenomic and synteny analyses. Moreover, we suggest that IAsa probably occurred between 28 and 36 mya ( Figure 1 ).
The Fate of Duplicated Genes Originating from IAsa
Duplicated genes provide substrates for diversification and evolutionary novelty, and most of them are regulators of gene networks in vertebrates and plants (Jiao et al., 2011; Kassahn et al., 2009; Zhang et al., 2017) . We examined Gene Ontology (GO) for all genes among the 154 high-quality core-orthogroups to investigate their roles in IAsa and found that their molecular functions are enriched in specific categories: transporter, catalytic, binding, and receptor activity. Some of those are involved in gene regulation (Table 1) .
Furthermore, we identified some duplicated genes under subfunctionalization and neofunctionalization, possibly contributing to stress responses of corals. dnaJ homolog subfamily B member 11-like (DNAJB) protein was shown to be involved in heat stress responses in marine organisms (Fujikawa et al., 2010; Wang et al., 2014) . Orthogroup 1247 (DNAJB) has two main domains (Ras and Dnaj domains) in Astreopora sp1 representing the ancient state. Each of the two domains was independently lost in the duplicated genes, resulting in complementary functions of the duplicated genes after IAsa (Figures 3A and S11). In addition, excitatory amino acid transporters may be related to symbiotic interactions in Acropora (Bertucci et al., 2015) . Orthogroup 1244 (excitatory amino acid transporter 1-like) was predicted as a six transmembrane protein, and a high number of mutations have accumulated in both untransmembrane and transmembrane regions, suggesting that new functions would be generated (Figures 3B and S12) . These examples suggest that IAsa might participate in stress responses and symbiotic interactions of Acropora. Together, these results agree with previous patterns of the fate of duplicated genes in vertebrates and plants (Jiao et al., 2011; Soltis et al., 2015; Van De Peer et al., 2017; Zhang et al., 2017) , indicating that the IAsa possibly contributes to the species complexity and diversification in Acropora.
Gene Expression Patterns of Duplicated Genes across Five Developmental Stages in A. digitifera
To better understand the evolution of duplicated genes, gene expression analysis across five developmental stages in A. digitifera (blastula, gastrula, postgastrula, planula, and adult polyps) was carried out (Reyes-Bermudez et al., 2016) . We identified 236 ohnologous pairs in A. digitifera from 883 ML phylogeny (see Methods) and found that these ohnologous pairs presented an interesting gene expression profiling. We divided 236 ohnologous pairs into two clusters based on pairwise correlation of gene Figure 4A ). Ohnologous pairs in the HC cluster are enriched in protein kinase, whereas ohnologous pairs in the NC cluster are enriched in membrane transporter and ion-binding proteins ( Figure 4B ). This result indicates that the two clusters of ohnologous pairs potentially evolved into different gene functions. In addition, we compared dN/dS values to investigate selective pressure on HC and NC clusters ( Figure 4C ), but there is no significant difference between the two clusters (Mann-Whitney-Wilcoxon test, p = 0.51).
Evolution of Toxic Proteins in Cnidaria
Next, we investigated the role of IAsa in the diversification of toxins in Acropora. We identified $200 putative toxic proteins in each of the five Acropora species, and we clustered them with the putative toxic proteins of Astreopora sp1 and other six Cnidarian species (Hydra magnipapillata, Nematostella vectensis, Montastraea cavernosa, Porites australiensis, Porites astreoides, and Porites lobata) into 24 gene families (Table S4 , See Methods). Based on the gene family phylogeny, each of which contains at least 15 genes (See Data S1), we found that toxic proteins have undergone widespread gene duplications in Cnidaria, and most of the gene duplications occurred in individual species lineages, except for Acropora (Figures 5 and S13-S20). Gene duplications occurred in the most recent common ancestor of Acropora in 9 of 15 gene families, potentially caused by WGD (IAsa). For example, in gene family 1 (coagulation factor X), each species contains $50 genes, except H. magnipapillata and P. astreoides. Gene duplications occurred frequently in individual species lineages: Astreopora sp1, M. cavernosa, N. vectensis, and P. australiensis. Yet, five gene duplications are inferrred to have occurred in the most recent common ancestor of Acropora by WGD ( Figure 5 ). These results indicated that IAsa potentially contributed to the diversification of proteinaceous toxins in Acropora.
DISCUSSION
Ancient WGD is considered as a significant evolutionary factor in the origin and diversification of evolutionary lineages (Soltis et al., 2015; Van De Peer et al., 2017) , but much work remains to be done to definitively identify WGD and to understand its consequences in different evolutionary lineages. Staghorn corals of the genus Acropora, which constitute the foundation of modern coral reef ecosystems, are hypothesized to have originated through polyploidization (Kenyon, 1997; Renema et al., 2016; Willis et al., 2006) . However, there is no genetic evidence to support this assertion. To that end, we analyzed the genomes of one Astreopora and five Acropora species to address the possibility of WGD in Acropora and the functional fate of duplicated genes from that event.
To the best of our knowledge, this is the first study to report genomic-scale evidence of WGD in corals (IAsa). We find that large numbers of ohnologs are retained in Acropora species and hundreds of gene families display phylogenetic duplication topology among the five Acropora species. Meanwhile, our synteny analysis between Astreopora sp1 and A. tenuis directly supports IAsa. However, reconstruction of the 
Astreopora sp1_scaffold163g18268.t1 
A. tenuis_sc0000151g68.t1 ancestral karyotype will necessitate the assemblage of genomes to the chromosome level to fully understand gene fractionation and chromosome rearrangements in Acropora under IAsa (Smith and Keinath, 2015; Smith et al., 2013) .
Ancient WGD is usually inferred using the dS-based method, but artificial signals in dS distributions have been reported in previous studies, because of dS saturation (dS value >1) or using poorly annotated genomes or allelic variations or low retention rates (Rabier et al., 2014; Tiley et al., 2016; Vanneste et al., 2012; Mao, 2019) . There is an extra peak in the dS distribution of anchor gene pairs in A. digitifera and A. tenuis ( Figure S6 ). One possible explanation is that the extra peak is artifactual because few anchor gene pairs were used in the analysis. However, this could also indicate a second WGD event in Acropora.
We found few orthogroups with topologies that fit the two proposed WGD events ( Figure S21 ). In addition, a new ML phylogeny modeling approach was recently developed to overcome shortcomings of the dS-based method (Rabier et al., 2014; Tiley et al., 2016) . We used it to test whether a second WGD occurred in Acropora. The result showed that one WGD event is the best model in Acropora and that it occurred 30.69-34.69 mya (Tables S5 and S6; see Methods) . Moreover, we applied the dS-based method on two recently released genomes by other groups (Acropora tenuis and Acropora millepora) (see Methods). We found similar peaks on these two dS distributions of paralogous gene pairs ( Figure S22 ). Together, we have genome-scale evidence to support IAsa, yet, there is no conclusive evidence to support a second WGD in Acropora.
It is crucial to accurately estimate the timing of a WGD event to understand its evolutionary consequences (Jiao et al., 2011; Vanneste et al., 2014) . Our study has clearly estimated the timing of IAsa using both phylogenomic analysis and the dS-based method. We suggest that IAsa probably occurred between 28 and 36 mya ( Figure 1 ). Interestingly, species turnover events usually occurred with extinctions (Jackson and Sax, 2010), and one species turnover event in corals (Oligocene-Miocene transition [OMT]) was suggested to have occurred between 15.97 and 33.7 mya (Edinger and Risk, 1994) . The timing of IAsa may correspond to a massive extinction of corals created by OMT. This finding supports the hypothesis that WGD may enable organisms to escape extinction during drastic environmental changes (Van De Peer et al., 2017) ( Figure 1 ).
The occurrence of IAsa raises the question of what impact it may have had upon coral evolution (Conant et al., 2014; Willis et al., 2006) . We performed GO analysis on duplicated genes and examined duplicated gene families, showing that duplicated genes following IAsa indeed provided raw genetic material for Acropora to diversify and are potentially crucial for stress responses. In particular, toxin diversification in Acropora was mainly generated by WGD. In addition, we focused on expression patterns of duplicated genes in A. digitifera, showing that expressions of duplicated protein kinases are likely to be correlated during development. A possible explanation may be that protein kinases are probably retained in complex signal transduction pathways via subfunctionalization or dosage effects (Conant et al., 2014; Glasauer and Neuhauss, 2014) . However, expressions of duplicated membrane proteins are likely uncorrelated because these proteins may have developed different functions via neofunctionalization, such as excitatory amino acid transporters (orthogroup 1244). However, more work is needed to be done to investigate molecular mechanisms of duplicated genes in order to examine these hypotheses in the diversification of Acropora (Yasuoka et al., 2016) . For instance, previous gene functional studies have demonstrated that voltagegated sodium channel gene paralogs, duplicated in teleosts, contributed to the acquisition of new electric organs via neofunctionalization in both mormyroid and gymnotiform electric fishes (Arnegard et al., 2010; Zakon et al., 2006) .
Our previous study proposed that adaptive radiation in Acropora was probably driven by introgression (Mao et al., 2018) ; thus Acropora is the first invertebrate lineage reported to have undergone both WGD and introgression. Meanwhile, both introgression and WGD have also been reported in cichlid fish lineages (Berner and Salzburger, 2015), a famous model of adaptive radiation in vertebrates (Berner and Salzburger, 2015; Seehausen et al., 2014) . Both WGD and introgression are regarded as significant forces in adaptive radiation of organisms (Berner and Salzburger, 2015; Van De Peer et al., 2017) , but we still do not understand the relationship between WGD and introgression in adaptive radiations ).
In conclusion, this study identified an ancient WGD shared by Acropora species (IAsa) that not only provides new insights into the evolution of reef-building corals but also expands a new model of WGD in animals.
Limitation of the Study
Small-scale gene duplication continually occurs within the evolution of organisms (Maere et al., 2005) , but large-scale gene/genome duplication or entire genome duplication was regarded as a rare evolutionary (Li et al., 2018) , and corals (this study). Yet, it is hard to distinguish large-scale gene/ genome duplication from entire genome duplication using the dS-based method and phylogenomic and synteny analyses without precise genomic data. For example, the second-round WGD has been argued to be large-scale genome duplication rather than entire genome duplication (Smith and Keinath, 2015) . Hence, in this study, we defined WGD as large-scale gene/genome duplication. Our evidence from different analyses supports the fact that WGD occurred in the common ancestor of Acropora, but there is still lack of sufficient evidence to support the fact that the WGD is generated by entire genome duplication. In addition, the distribution of inferred age nodes ( Figure S8 ) was not shown as a standard normal distribution, one possible reason for which is that there is a lack of data in the phylogenomic approach.
METHODS
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